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 Injury is common in female collegiate field hockey athletes, specifically lower extremity 
and non-contact/chronic injuries. Training load is a risk factor for sport-related injury; however, 
research has not examined the underlying mechanisms that mediate the relationship between 
training load and injury risk. We assessed modifiable injury risk factors at the start and end of 
season, which included movement quality, range of motion, power, and body composition. We 
hypothesized that negative changes would occur over time in association with greater training 
demands. Our results indicate that hip rotation range of motion measures were more restricted 
and body composition measure (lean mass and bone mineral density) were improved at end of 
season. There were no changes in movement quality or power during jumping. Our findings 
indicate that modifiable injury risk factors are altered following a season of high training load 
and should be regularly monitored in addition to training load. 
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 Injuries are a common occurrence in college athletes given the high physical stresses that 
are placed on these individuals1. Female college athletes are particularly prone to injury, as 
injury rates are higher in comparison to their male counterparts participating in similar sports2. 
For example, female athletes participating in sports similar to their male counterparts have higher 
rates of anterior cruciate ligament (ACL) injuries, ankle injuries, and general knee injuries3. 
These may be due to anatomic, hormonal, and biomechanical differences4. Injury can affect both 
individual as well as overall team performance5, thus there is great interest in understanding 
predisposing factors to injury in female athletes.  
 Previous literature has investigated the association between various factors, such as 
movement quality, strength, range of motion, and body composition with bone and soft (muscle, 
tendon, ligament) tissue injuries6,7,8,9,10,11. For example, Schnackenburg et al showed that 
females with lower areal bone mineral density (BMD) have a high prevalence of lower-limb 
stress fractures in running-related sports12. In addition, Padua et al revealed that individuals with 
high LESS scores (>5), indicative of poor movement quality, were at greater risk for ACL injury 
compared to those with lower LESS scores (<5)13. Literature has also revealed that when 
compared to healthy individuals, those with history of ACL injury have reduced ankle 
dorsiflexion range of motion (ROM)8. At the hip, there is evidence that motion impairments may 
underlie injuries such as ACL tears, IT band syndrome, and patellofemoral joint pain14. With that 
being said, there is mixed evidence supporting the notion that an athlete’s baseline
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neuromuscular (movement quality, range of motion, and strength) or body composition profile is 
able to predict future injury. A possible reason for the mixed findings is that all prior research 
has examined neuromuscular profiles at the beginning of the athlete’s pre-season training period 
(baseline). A limitation of this research is that an athlete’s baseline neuromuscular and body 
composition profiles may change over the course of the season in response to their cumulative 
training load. Thus, an athlete’s neuromuscular and body composition profile may be quite 
different after several weeks of experiencing an increasing cumulative training load. 
Training load includes both internal and external factors that cause the body to respond – 
both physically and mentally15. External training load is an objective measurement of the 
physical workload during training and competition, such as the number of repetitions, distance 
traveled, or number of pitches thrown by the individual. Internal training load is the athlete’s 
physiological or perceptual response to the training session, an example being the athlete’s rate 
of perceived exertion (sRPE) following training15. Previous research has demonstrated that 
various training load metrics are associated with injury risk16. Most recently, the acute to chronic 
training load ratio (A:C ratio) has shown promise in identifying individuals at risk for future 
injury. The A:C ratio is determined by dividing the athlete’s acute training load (typically 
calculated as the average of the past week) by their chronic training load (typically calculated as 
the rolling average of the past 3-4 weeks). Athlete’s whose A:C ratios exceed 1.5 have been 
shown to be at elevated risk for injury (cite). The limitation of these prior investigations is that 
they have been completed primarily on male athletes. Given the increased risk of injury in 
female athletes, future research examining training load in high-risk female athletes is warranted.  
Understanding the underlying mechanisms between injury and high training load is 
critical for future injury prevention efforts. Specifically, it is plausible that high training loads 
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may increase injury risk through their effects on an athlete’s movement quality and/or body 
composition profile. Rapid increases in one’s training load may lead to fatigue and thereby cause 
negative alterations to one’s biomechanics, range of motion, and strength. Negative alterations in 
these neuromuscular factors may allow for increased joint loading and/or reduced stability. 
Similarly, high training loads over an extended period of time may lead to alterations in one’s 
body composition as LM or BMD may be negatively impacted. Alterations to these variables 
may negatively impact the athlete’s tissue capacity. Changes to either joint loading or tissue 
capacity may be linked to the mechanism explaining how training load may influence injury risk. 
Unfortunately, research has not yet examined the association between training load with changes 
in one’s movement quality or body composition profile. 
 Therefore, the purpose of this study is to examine if body composition (BMD and LM) 
and movement quality (jump-landing mechanics, lower extremity power output, and range of 
motion) are altered over a competitive season in Division 1 collegiate female field hockey 
athletes. In addition, we will examine if changes in one’s body composition and movement 
quality over the season are associated with either internal or external cumulative training load 
measures. 
Research Question 1: Do neuromuscular profiles and body composition change in female 
collegiate field hockey athletes over a competitive season? 
Hypothesis 1: Female collegiate field hockey athletes will experience a negative change 
in their neuromuscular profile and body composition over a season. 
Independent (predictor) Variable: Time (pre-season, post-season) 
Dependent Variables:  
 Total number of errors during the LESS 
 Ankle dorsiflexion and hip internal/external ROM 
 Lower extremity power output during CMJ 
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 Body composition: LM and BMD 
Research Question 2: Is cumulative training load during the competitive season 
associated with changes in neuromuscular profile or body composition in female 
collegiate field hockey athletes? 
Hypothesis 2: Female collegiate field hockey athletes experiencing higher cumulative 
training load over a season will demonstrate greater negative change in their 
neuromuscular profile and body composition. 
Independent (predictor) Variables: Cumulative training load (internal, external) 
Dependent Variables:  
 ∆Total number of errors during the LESS 
 ∆Ankle dorsiflexion and hip internal/external ROM 
 ∆Lower extremity power output during CMJ 
 ∆Body composition: LM and BMD 
 
The findings of this study have clinical relevance as they will provide insight into how 
proposed injury risk factors may change over time. This information may help determine 
whether repeated assessments of athletes’ movement quality and body composition profile are 
needed to better identify those at risk for injury. Also, these findings will identify factors that 
may moderate the change in one’s movement quality and body composition profile change over 
the season. Understanding these relationships may guide development of injury prevention 
strategies aimed at modifying those factors that are associated with changes in body composition 
and movement quality over the course of a collegiate field hockey season.
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CHAPTER 2: REVIEW OF LITERATURE 
Injury Prevalence 
 According to Lynall et al., literature on the sport of collegiate field hockey in the 
National Collegiate Athletic Association (NCAA) has recently introduced data on injury 
surveillance, injury prevalence, and time-loss over the course of approximately 10 years. This 
documented information on approximately 6,000 female athletes participating in their sport that 
was described as being played with a hard, fast-moving projectile ball and a stick while wearing 
minimal protective equipment. At the collegiate level, the game is played on turf fields at a faster 
pace by bigger and stronger females than those participating at the high school level. Thus, 
player-to-player contact and ball-to-player contact can occur at a greater force17.  
For reporting purposes, an injury was defined as occurring as a result of participation in 
an organized practice or competition, requiring medical attention by a Certified Athletic Trainer 
or physician, and resulting in restriction of the student-athlete’s participation for 1 or more days 
beyond the injury17. The injuries were compared to athlete-exposures, which were defined as 1 
student-athlete participating in 1 school-sanctioned practice or competition in which she was 
exposed to the possibility of athletic injury17. This investigation showed that when compared to 
high school female field hockey, the injury rate of NCAA field hockey was higher at a rate of 
5.36/1000 athlete-exposures17. Also at the NCAA level, the total injury rate was higher in 
Division 3 teams than in Division 117. The majority of injuries occurred during practices, but the 
injury rate for competition was higher than the injury rate for practice17. Most injuries occurred 
during the regular season, but the preseason had a higher injury rate than the regular season, and
6 
 
the regular season had a higher injury rate than the post-season17. Of these injuries, the 28.4% of 
injuries resulted in time loss of at least 1 week17.  
Descriptive statistics for injury rates and locations are presented in Figure 1 and Figure 2, 
both including information reported by Lynall et al. To highlight relevant details in collegiate 
field hockey - during practices, the body parts injured most often were the hip/thigh/upper leg 
(27.4%) and the knee (15.5%)17. The most common mechanisms in the NCAA during these 
times were non-contact (49.1%) and overuse/chronic (17.2%)17. During competition, the body 
parts injured most often were the head/face (27.6%) and the hand/wrist (15.4%)17. The most 
common mechanisms during these times were contact with the ball and no contact17. The most 
common injury diagnoses were muscle/tendon strains, ligament sprains, and contusions17.   
Figure 1. Number of Injuries and Injury Rates by Mechanism of Injury and Type of Athlete-






Figure 2. Number of Injuries and Injury Rates by Diagnosis and Type of Athlete-Exposure (AE) 
in High School Girls’ and Collegiate Women’s Field Hockey17 
 
 Essentially, this surveillance study produced valuable data that explains how frequently 
and where anatomically there are incidences of field hockey athletic injuries. While they 
evidently do happen across levels of play, the decreased time-loss at the division 1 level may be 
due to higher pressure on division 1 participants to play through injuries. Also, the higher level 
of play may coincide with a higher skill level, which should minimize injury rates. Regardless, 
this information displays the rationale for investigating injury in NCAA field hockey.  
Female Sex 
 When investigating these collegiate field hockey athletes, it is important to note the 
significance of utilizing subjects that are female sex, especially because according to the 
literature, there are fewer studies on female athletes than on male ones18. First, according to 
Sallis et al., “when evaluating all sports concurrently, female athletes reported a higher rate of 
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hip, lower-leg, and shoulder injuries”4. In addition, Ristolainen et al. states that “after combining 
all reported acute and overuse ankle and knee injuries, the proportion of athletes with such injury 
was higher in the female compared to male (75% and 54% respectively; p<.05)2. While this 
information was based on sports other than field hockey, similar field sports such as soccer were 
included. The reasoning behind these statements may be that females are at a greater risk for 
body composition issues when compared to males. Generally, literature shows that females have 
greater hip circumference to height ratios, higher fat mass values, and lower fat-free mass values; 
all of which could change force distribution across their bodies19. Further, overall “body cell 
mass, as a part of fat-free mass, is defined as a predictor of muscle efficiency for sport 
performance” in females18. More specifically, their excess adipose tissue can act as dead weight 
in activities during which the body mass must be repeatedly lifted against gravity during 
locomotion and jumping18. Because lean mass (LM), contributes to the production of power 
during high-intensity activities and provides greater absolute strength for resistance to high 
dynamic and static loads18, having higher amounts of adipose tissue can in turn decrease 
performance and increase the energy demands of the activity18. Essentially, the general trends in 
female body composition may put them more at risk of injury when compared to males. 
On a more physiologic level, further risk factors for females may include the concept of 
having lower dietary calcium and dairy product intake, smaller lower-extremity bone cross-
sectional area, menstrual disturbances, or delayed menarche2,20,21. In particular, females are at 
risk of the female athlete triad, which includes disordered eating, amenorrhea, and 
osteoporosis22. Other risk factors identified among women include history of smoking, excessive 
alcohol drinking, white race, narrow tibial cross-sectional area, and smaller thigh muscle girth12. 
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While some of these are lifestyle/environmental concepts, they can also play a role in affecting 
their bodies, increasing the relevance of research on female subjects. 
Body Composition 
Body composition is a key component of overall health23 and in NCAA field hockey 
athletes, body composition is crucial to many different aspects of their performance19. It is an 
important indicator of the physical fitness and health of athletes18. This measurement in 
particular is extremely valuable in clinical practice, as “the amount and distribution of body fat 
and the amount and composition of lean mass are now understood to be important health 
outcomes”23. While there are a variety of ways to measure body composition, the methods are 
typically categorized by the way they predict or compartmentalize the body. The body’s tissues 
are typically broken down into fat-mass and fat-free mass, or lean mass (LM)23. LM includes 
muscle, bone, and organs24. Bone health can be measured as bone mineral density (BMD) using 
certain technology23. To explain their relationship, research has shown that both fat mass and LM 
are significant predictors of BMD25. Our focus for this part of our study is on understanding how 
LM and BMD play a role in athletics, and then how they are measured. 
Lean Mass 
Lean mass (LM) is most often measured in pounds in our country via body composition 
assessment and it incorporates skeletal muscle tissue that is typically metabolically active19. 
According to literature, the quality of muscle tissue is usually measured by strength, power, 
and/or speed26. Increased strength may relate to higher vertical jumps, faster accelerations, faster 
overall speed, better agility, or more explosive power26. Depending on the type of muscle tissue 
fibers present, LM may also have a positive relationship with aerobic capacity26. The sport of 
field hockey requires all of these, depending on the situation. Essentially, LM is an important 
component of performance in this field sport. 
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Bone Mineral Density 
To explain the connection between lean mass (LM) and bone mineral density (BMD), 
Pomeroy et al. explains that “the influence of muscle forces on bone loading appears to be much 
greater than that of gravity and body mass24. Bone and skeletal muscle are proposed to form a 
functional unit so that bone cross-sectional properties respond to muscle mass and strength to 
maintain mechanical integrity”24. Functionally, the skeletal system relies heavily on the muscular 
system for support and force absorption27. With that being said, research shows that these two 
systems may have a positive linear relationship with each other9. BMD is measured in g/cm2 and 
it has been estimated to account for 60% or more of the variance in bone strength28. 
 To continue, applied mechanical muscle forces can influence the strength of the bones12. 
Bone tissue follows Wolff’s law, which states that “in a healthy individual, bone strength 
increases in response to environmental stressors”29. This bone strength and the bone 
microarchitecture are important components of “bone quality”12. The bone quality determines 
how much force they can withstand by the muscles that are exerting against them12. In order to 
elicit a change in BMD and therefor bone strength, a stress must be applied25. An example of 
such stress would be participation in sports that require high-impact or odd-impact loading29. 
Research actually shows that sports described like this are associated with higher BMD29. Our 
study on collegiate field hockey fits this criteria.  
Dual-Energy X-ray Absorptiometry 
 In order to measure total body lean mass (LM) and bone mineral density (BMD), a body 
composition assessment must be completed. Cadaver analysis is considered the gold standard for 
meeting the highest criteria of accuracy23, but this realistically cannot be considered for our 
study. Instead, there are many other options that vary in complexity and ease of use, as well as in 
methodological error when collecting raw data, and error in the assumptions by which raw data 
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are converted to final values (based on the way they are predicted from body properties)23. These 
can include but are not limited to skinfold thickness measurements, body mass index, waist 
circumference, bioelectrical impedance, air displacement plethysmography, magnetic resonance 
imaging, hydrometry, computed tomography, total body electrical conductivity, whole body 
potassium scanning, or dual-energy x-ray absorptiometry (DEXA)23. Many of the above include 
disadvantages such as poor accuracy, availability, sensitivity, or specificity in terms of assessing 
for LM and BMD23. The best option given the circumstances for our study is to utilize DEXA.  
The introduction of DEXA has allowed for rapid, noninvasive body composition 
estimates with minimal radiation exposure for both clinical practice and research. It was 
developed to measure bone mineral mass, which is calculated from the differential absorption of 
x-rays from two different energies23. Because this calculation requires allowance for overlying 
soft tissue, values of fat and fat-free mass (FFM) are also calculated for whole body scans using 
instrument-specific algorithms23. DEXA proves to be the more appropriate choice for its 
accuracy, precision, stability, cost, subject radiation dose and compliance, and speed and ease of 
scanning20,30,31. The accuracy is dependent upon instrument-, operator-, and subject-dependent 
factors, but these can be positively affected by proper quality control and measurement 
procedures20,30,31. Based on this information, these scans can easily be implemented during pre- 
and post-season screening sessions in order to collect data on LM and BMD for each subject. 
Movement Quality 
Movement quality is the manner in which someone biomechanically changes the 
positions of their body in order to complete a specific motion6,10. Movement quality can assess 
many different sections of the body in a variety of different ways, and typically looks to identify 
specific abnormalities, problematic tendencies, functional compensations, asymmetries, or 
impairments6,10. These tests use dynamic tasks to assess balance, stability, coordinated 
12 
 
movement quality, and dynamic alignment throughout the body6,7,10. These tests can identify 
those that are at greater risk of musculoskeletal dysfunction, and therefor potentially injury6,7,10. 
For this study’s purposes, the following movement quality assessments will evaluate the way 
these field hockey subjects move throughout specific motions that are necessary for successful 
participation in their sport, with the intended purpose of identifying those with increased 
susceptibility to injury. While our study is not looking specifically at injury incidence, these 
predisposing factors may play a role in the interaction between body composition and training 
load. 
Range of Motion 
Range of motion (ROM) is a clinical assessment tool that evaluates a number of degrees 
of passive movement within a joint. Literature has shown that specific measures at both the ankle 
and hip may be indicators of increased susceptibility to injury8,14,32. In the ankle, the 
plantarflexor muscles play a substantial role in the absorption of landing forces, and a smaller 
amount of sagittal-plan ankle displacement (dorsiflexion) during landing results in greater peak 
landing forces8. In addition, the sagittal-plane coupling of the lower extremity joints suggests 
that less dorsiflexion displacement during landing is accompanied by less knee-flexion and hip-
flexion displacement8. In particular, previous studies have demonstrated that individuals with 
less passive dorsiflexion range of motion demonstrate greater knee-valgus excursion during 
landing8. These problems are shown to be indicators of increased lower-extremity injury risk –
anterior cruciate ligament (ACL) injury in particular8. By passively measuring the range of 
motion of each subject’s ankles during pre- and post-season screening, deficits and changes may 
be identified. 
 At the hip, the ball-and-socket anatomical configuration provides a high degree of bony 
stability, but the joint is dependent on a complex set of muscles to create motion and provide 
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dynamic stability14. As such, discrepancies in this musculature can render the hip joint 
susceptible to dysfunction in all planes14. In addition, recent literature has mentioned complex 
structural bony variants, such as femoral/acetabular retroversion, femoral notch geometry, extra-
articular impingement, and femoroacetabular impingement32. Any of the above, in addition to 
muscular-related pathologies, may be associated with restrictions in internal rotation of the hip, 
which can result in increased risk of ACL injury14,32. Specifically, patients with a sum of internal 
and external rotation lower than 80˚ have an increased odds ratio of having ACL injuries32. 
Another example states that excessive hip internal rotation (>45˚) can lead to dynamic knee 
valgus during jumping activity, and therefor increased complications at the knee and ankle such 
as increased risk of over-pronation, ACL injury, or patellofemoral disorders14,32. 
 As it appears, most research investigates the arc of rotation at the hip instead of 
differentiating the directions. However, in terms of the hip external rotator musculature, there 
may be an indirect relationship between range of motion and injury risk. If the hip internal 
rotation is excessive but the entire arc is within normal limits, external rotation may be lacking. 
This can affect the length-tension relationship of the external rotators, in turn putting the tissues 
at a mechanical disadvantage. When the external rotators are unable to accomplish their 
responsibility of resisting excessive frontal and transverse plane during dynamic hip motion, the 
increased injury risk that accompanies excessive internal hip rotation may also be present14,32. 
Figure 3 shows an example of poor movement quality due to ROM deficit. 
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Figure 3. Poor Movement Quality Example14 
 
Landing Error Scoring System 
The Landing Error Scoring System (LESS) is a biomechanical assessment tool that 
allows a clinician to identify individuals that are at risk of lower extremity injury3,10,13,33. The 
LESS is an example of a musculoskeletal screen that provides other benefits to both the clinician 
as well as the subject including identifying undiagnosed injuries, assessing rehabilitation 
progression of previous injuries, establishing future return-to-play outcome measures, and 
establishing rapport between the staff and the participant3,13,26. When completing this specific 
test, the subject completes the task by starting on top of a box that is 30 centimeters high, 
jumping off with both feet at the same time, and then jumping vertically as high as they can as 
soon as their feet make contact with the ground3,13,26. The vertical jump can be performed on 
either solid ground or force plates – regardless, the distance is half of their body weight away 
from the box3,13,26. The test is recorded as a video using a camera from a frontal view3,13,26. The 
subject typically takes a practice round or 2, and then 3 trials of the official test are 
completed3,13,26. Figure 4 shows the standard LESS jump-landing task. 
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Figure 4. Standard Jump-Landing Task During the LESS13 
 
A program on the computer that is connected to the camera automatically grades the 
videos and points are given based on the number of movement errors that are seen3,13,26. The 
subject is given a score based on certain movements such as limited knee flexion or excessive 
medial knee displacement3,13,26. Figure 5 shows examples of how the jump-landing task is 
scored. A higher LESS score equates to a greater number of jump landing errors, or a greater risk 
for lower extremity injury3,13,26. Females in particular have historically produced worse LESS 
scores than females; i.e. females demonstrate less knee, hip, and trunk flexion than their male 
counterparts3,13,26. As this test is a dynamic, multi-joint movement screening, these landing errors 
can represent muscle imbalances, weaknesses, or functional compensations3,13,26. According to a 
specific study that evaluated the LESS test, it is considered both valid and reliable3. The tools to 
administer it are inexpensive, training hours are minimal, and the time to evaluate each recording 
is less than 5 minutes3. Essentially, this team can feasibly and logistically be administered to an 
entire team of collegiate athletes. In this study, we will incorporate the LESS jump landing task 
into the subjects’ pre-season screenings, and use the results to identify any relationships that may 
present in association with changes in their body composition. 
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Figure 5. Example of Definitions for LESS Items13 
 
Counter-movement Jump 
The counter-movement jump (CMJ) is a movement assessment in which successful 
performance involves a coordinated movement of all major muscle groups of the lower 
extremity34. According to a meta-analysis completed by Claudino et al., the CMJ has been one of 
the most used tests for monitoring neuromuscular status in individual and team sports due to its 
versatility in reporting different kinematic and kinetic variables, such as jump height, peak 
power, relative peak power, peak velocity, mean force, rate of force development, etc.35 
Literature shows that CMJ height has been shown to have very high reliability with low within-
subject variation, and CMJ ability is highly related to other performance measures such as peak 
power output, agility, sprint velocity, and sprint acceleration34. These factors make it a robust 
measure applicable to a wide variety of sports34. This data collection is quick and easily 
implemented into other movement quality assessments. When completed on force plates set up to 
collect lower extremity data individually, average measures of ground reaction forces at specific 
time-points may be identified – such as during the propulsion phase just prior to leaving the 
ground. This provides insight of the subjects’ maximal power output during explosive jumping 
activity. 
Training Load  
 The concept of training load refers to the cumulative stress placed on the body from 
single or multiple training sessions over a period of time16. Training load has become a 
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prominent topic in collegiate sports in recent years, as sport scientists, clinicians, and coaches are 
persistently looking for ways to prescribe sufficient training load that will produce training 
adaptation, while simultaneously minimizing fatigue, performance inhibition, and risk of 
injury/illness36. Literature shows that training load can be measured a variety of ways, including 
internal or external16. Internal training load quantifies the athlete’s personal response to an 
external load16. External training load is described as the quantification of work external to the 
athlete36. Both internal and external training load can be measured subjectively or objectively. 
Subjective measures are self-reported, such as Rate of Perceived Exertion (sRPE) or questions of 
well-being16. Objective measures include those that are not self-reported, such as heart rate or 
blood lactate16. Objective measures of external training load can also include relative measures 
such as number of repetitions (throws, jumps, etc.) or distance covered16.  
The main focus in literature on training load is on identifying the connection between 
training load and injury or illness. Research specifically states that “there is emerging evidence 
for a relationship between training load and risk of injury and illness”15. In other words, there 
may be a significant increase in risk of injury by not monitoring and modifying athletes’ training 
load and fatigue during key stages of training and competition, such as periods of intensification 
of work training load, accumulated training load, and changes in acute training load36. All of 
these can be influenced by individual characteristics such as fitness, body composition, playing 
level, injury history, and age36.  
Time periods considered higher risk may be due to increased muscle damage, impairment 
of the immune system, imbalances of the anabolic-catabolic homeostasis, alteration in mood, 
increase in muscle soreness, or reduction in neuromuscular function36. When athletes do not 
receive the adequate time to recover from these deficits, fatigue can accumulate and compromise 
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key aspects of performance, therefor increasing risk of injury and illness to the athlete36. These 
more dangerous times can include when athletes are returning for preseason, when intensity is 
high and they are detrained, or during busy weeks of the season when recovery time is 
shortened36. Over the course of the season, research by Ekstrand et al. specifically shows a 
positive relationship between high cumulative training load and injury incidence, as well as a 
negative relationship between high cumulative training load and drop in performance36. In turn, 
any subsequent reduction in injury or illness is likely to have a significant impact on team 
performance due to the large percentages of athletes in team sports injured at any one time, and 
the association between the number of injuries and matches won36. 
Training load in general can be feasibly measured on a daily basis, which provides the 
option to see trends, patterns, or drastic increases/decreases over specific time periods, including 
the season as a whole. This does require attention to detail, but research shows that monitoring 
training load allows for the most safe and successful athletic environment. For the purpose of this 
study, we will focus on RPE for internal training load and global positioning system (GPS) 
metrics for external training load. 
Rate of Perceived Exertion 
 Of the internal training load measurement methods, RPE is the most ideal in our case due 
to its feasibility and reliability. As mentioned, RPE is a subjective quantifiable indicator for 
exertion, intensity, and fatigue during physical work37. It is measured on the Borg Rating of 
Perceived Exertion scale of 0-10 (see Figure 6) and represents the subject’s feeling of exertion 
and fatigue during exercise – with 0 being rest and 10 being maximal effort. The numeric 
response provides a subjective measure of how the athlete feels internally, taking into account 
relative heart rate, respiration, and perspiration37. When multiplied by the duration of training in 
minutes, the value represents the session RPE (sRPE). Literature supports the use of sRPE as an 
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estimate of internal training load during non-steady state exercise, including high-intensity 
interval training and team sport practice and competition38. In general, this data is considered 
easy to use, reliable, and sometimes consistent with objective physiological indices of intensity 
of exercise during training, such as heart rate or oxygen uptake37,38. Essentially, sRPE allows the 
level of exercise intensity to be measured without all the expensive equipment required for heart 
rate and oxygen uptake. To ensure consistency and accuracy, sRPE should be taken within 30 
minutes of the completion of training and should be collected from each subject independently of 
each other to avoid any external influence38. The sRPE values can then be documented, added 
together, and compared to longer periods of time to determine cumulative internal training load 
information. 
Figure 6. Borg Rating of Perceived Exertion Scale for Collecting Internal Training Load 
 
Global Positioning Systems 
 Global Positioning System (GPS) devices are an example of a subjective external training 
load monitoring method. A GPS device is a satellite-based global navigation hardware worn 
between an athlete’s scapulae in a specialized sport-shirt, used to provide a precise location at 
any point on the Earth’s surface39. GPS was originally developed and researched for use by the 
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United States military, but it is now used in many athletic applications to evaluate the 
relationship between physical activity and the environment39. These devices have become the 
gold-standard tool for determining overall movement loads during competition and training 
sessions39. GPS allows for time-efficient measurements of data in team sports, especially when 
collected at higher sampling rates (10-15Hz), which have better validity and reliability40. These 
systems are designed to collect metrics during all training and competition sessions such as total 
distance, accelerations, decelerations, or high-speed distance41. The data can be assessed live via 
a computer if programmed to do so, or the data can be reduced and analyzed after the fact. This 
information can be useful in determining substitution minutes during a game, sport-specific 
training needs, or overall practice plans. 
 According to Gray et al, GPS receivers in general are considered a valid method of 
measuring linear distance at intensities ranging from walking through sprinting40. However, the 
validity of GPS distance appears to be affected by both path linearity and movement intensity40. 
When collecting data at very high intensity or on non-linear movement patterns, there is a 
potential for decreased reliability40. The true standard error of measurement is currently 
unknown, but systematic review in literature does support the use of GPS derived distances as a 
method of quantifying training load15. This measurement error may be decreased by utilizing and 
differentiating between the various metrics that the GPS systems are capable of collecting, such 
as total distance and high-speed distance. 
Based on available resources, the subjects in this study utilize a GPS unit system called 
VX Sport Log 100 (4Hz). Malone et al have specifically studied these devices, and have found 
that the data are found to be accurate and the devices are suitable for use in the measurement of 
intermittent physical activity during field games42. Their coefficient of variance is <5%, even at 
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maximum speeds42. It is also important to mention that each device may have its own inherent 
variance41, but this can be controlled by assigning each athlete to one that they will always use.  
While these athletes are participating in the sport of field hockey, much of the distance 
traveled during training and games is at lower intensities interspersed with brief high-intensity 
efforts. Therefore, the use of VX Sport GPS devices can provide unbiased, reliable evidence of 
the external training load placed on each subject. 
Rationale 
 As mentioned, literature shows a relationship between an individual’s neuromuscular 
profile – including ROM, movement quality during a jump-landing task, and LE power output – 
and increased risk of injury. Literature also shows a relationship between higher training loads 
and increased susceptibility to injury. And finally, research describes the importance of having 
adequate LM and BMD to support the performance demands of athletics – particularly in 
females. However, to our knowledge, no research has been done that specifically investigates the 
association between movement quality, training load, and body composition over the course of a 
specific time period. The purpose of this study is to identify how these variables change over a 
competitive collegiate field hockey season, and then how the changes associate with the subjects’ 
cumulative internal and external training load. These results may validate the need to complete 




CHAPTER 3: METHODS 
 
Experimental Design 
This study utilized a repeated measures design to determine whether movement quality 
(Landing Error Scoring System during a jump-landing task), range of motion (ankle dorsiflexion 
and hip rotation), lower extremity power output, and body composition (lean mass and bone 
mineral density) were altered between pre-season and post-season in female Division 1 field 
hockey athletes. In addition, we sought to determine if changes in movement quality, range of 
motion, lower extremity power output, and body composition were associated with either 
internal or external cumulative training load. 
The participants completed testing of all variables at two time points: pre-season (within 
24 hours of the first official team practice) and post-season (within 48 hours of final game during 
the Fall 2018 season). Internal and external training load data were collected daily for each 
training and competition session during the Fall 2018 season. 
Participants 
 Participants for this study were student-athletes on UNC’s Division 1 women’s field 
hockey team. Prior to testing, all participants provided written informed consent in accordance 
with the University of North Carolina at Chapel Hill Institutional Review Board policies and 
procedures. Most members of the field hockey team were screened at both time points depending 
on availability due to injury. All subjects had daily internal training load measures recorded. All 
subjects had daily external training load measures recorded with the exception of goal-keepers, 
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as their training demands were dramatically different from the rest of the team. In total, 28 
female collegiate field hockey athletes, all between the ages of 18-23, were recruited to 
participate in this study.  
Instrumentation 
 Jump-landing movement quality was measured by the Physimax using the Landing Error 
Scoring System (LESS). For Physimax, materials needed were an Xbox Kinect depth camera 
(frontal-plane view only; Kinect sensor, version 1; Microsoft Corp, Redmond, WA) that was 
connected to a computer running Physimax motion analysis software (Physimax, Tel Aviv, 
Israel). This method also required a 30cm box for the athletes to jump down from. According to 
the literature, this technology is a valid and reliable tool for identifying potentially high-risk 
movement patterns during a jump-landing task such as dynamic knee valgus33. The ICC 
(intraclass correlation coefficients) and SEM (standard error of measurement) values for 
interrater reliability were 0.84 and 0.71, respectively. Intrarater reliability for the LESS is 
excellent, as ICC and SEM values are 0.91 and 0.42, respectively.  
 The force plates were used to measure lower extremity (LE) power output during a 
counter-movement jump (CMJ). The force plates were specifically being utilized to measure the 
power output of the subjects as they take off (propulsion phase) for a maximum vertical jump to 
test LE power. While assessing various jumping tests, studies show that within-subject variation 
in jumping tests ranged between 2.4-4.6%, with the values being lowest in the CMJ35,43. In 
addition, high ICCs have been observed between testing occasions (0.48-0.88)35,43. So in 
practice, this means that the CMJ has high reproducibility and can be used as a valid measure of 
a patient’s LE power over other variables such as flight time and jump height43. (Bertec 
Corporation, Columbus, Ohio).  
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 A universal goniometer was used to measure range of motion (ROM) for ankle 
dorsiflexion while the measurement of hip internal and external rotation was measured using a 
digital inclinometer. A 6-inch goniometer was used to measure ankle dorsiflexion because of its 
commonality in previous ROM studies for comparison purposes, and its feasibility during data 
collection. In a study done by Konor et al, data showed that when measuring ankle dorsiflexion, 
using a universal goniometer was just as reliable as using an inclinometer44. The use of the 
digital inclinometer at the hip was used to match the method most commonly used by clinicians 
in previous literature, due to the ease of use at a bigger joint. A study done by Roach et al, 
invested the concurrent validity of the inclinometer versus the goniometer in hip range of 
motion. This study indicated that both were valid, but should not be used interchangeably45. In 
more detail, studies show that intra-rater reliability for ankle dorsiflexion using a goniometer is 
between 0.719-0.89246. The SEM values for a goniometer range from 1.8-2.5˚ with an ICC of 
0.82146. At the hip, intra-rater agreement for all measurements is excellent with ICCs ranging 
from 0.644-0.89446. To account for this, the standard goniometer was always used at the ankle 
and a digital inclinometer was always used at the hip. The same clinician collected all ROM 
values at both time points for intrarater reliability purposes. 
 Dual-energy x-ray absorptiometry (DEXA; GE Lunar iDXA, GE Medical System 
Ultrasound & Primary Care Diagnostics, Madison, WI, USA) was used to estimate total body 
bone mineral density (BMD) and lean mass (LM). Total body scans were performed by trained 
DEXA technicians using default software (encore Software Version 16). According to literature, 
DEXA shows excellent precision for bone mineral content and fat-free soft tissue mass and 
acceptable reliability for fat measures. More specifically, a study assessing DEXA reliability and 
intraobserver reproducibility for segmental body composition measuring found that its body 
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composition measurements present high reproducibility for whole body mass, fat mass, lean 
mass, and bone mineral content19,47. Its ICC ranged between 0.952-0.99947.  
Testing Procedures 
 Subjects reported for pre-season testing the day prior to beginning official team practices 
at the beginning of August 2018.  Within one week of playing the final game of the season, all 
subjects underwent the same testing procedures to collect data on their neuromuscular profile. 
The following measures were conducted during pre-season and post-season testing sessions. 
Movement Quality Assessment 
Jump-landing movement quality was assessed via the LESS as the subject jumped down 
to the ground from a 30cm box, with both feet leaving at the same time, followed immediately 
by a vertical jump for maximal height. Three trials of the jump-landing task were recorded using 
the Physimax system. The total number of movement errors was quantified for each jump-
landing trial. A list of all movement errors is provided in Figure 7 below. Subjects were allowed 
2-3 practice trials to familiarize with the jump-landing task prior to recording. 
 The total number of errors (LESS score) was determined for both the 17-point and 22-
point systems for each jump-landing trial using the Physimax software. The average LESS score 
was calculated across the 3 trials and used for analyses for each subject.  
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Figure 7. Landing Error Scoring System (LESS) Errors 
 
Range of Motion Assessment 
Passive hip internal rotation, hip external rotation, and ankle dorsiflexion range of motion 
(ROM) were measured by the same investigator across all athletes and time points (pre-season 
and post-season). A total of 2 trials were made for each ROM measure. Ankle dorsiflexion was 
measured using a standard goniometer where the axis was placed just distal to the lateral 
malleolus, the stationary arm along the shaft of the fibula, and the moving arm parallel with the 
5th metatarsal. The leg was positioned with the knee in full extension and the heel placed on a 
bolster. The researcher then passively dorsiflexed the ankle until reaching the end ROM.  
 Hip internal and external rotation ROM were measured using a digital inclinometer. The 
subjects were positioned prone lying with their hip in neutral alignment and knee flexion to 90˚. 
The digital inclinometer was placed parallel with the subject’s tibia. The researcher then 
passively rotated the hip into both internal and external rotation while noting the rotation angle 
once reaching the end ROM. The average across the 2 trials of ankle dorsiflexion, hip internal 
rotation, and hip external rotation ROM were calculated and used for analyses. 
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Counter-movement Jump Power Assessment 
Lower extremity (LE) power output was assessed as the subjects performed a counter-
movement jump (CMJ) for maximal vertical height while standing on two separate force plates 
(Bertec, Columbus, OH, USA). Subjects started the CMJ while standing in an erect posture with 
their feet shoulder width apart and each foot on a separate force plate. The participants were not 
allowed to swing their arms during the jumping motion. When ready, the subject was instructed 
to squat down and then immediately jump for maximal height in one fluid motion without 
removing their hands from their hips. Participants were given up to 2-3 test jumps and then 3 
CMJ tests were recorded. If the subject’s foot did not completely land on the force plate, or they 
lost their balance during landing, the trial was repeated. The forces were recorded during the 
jump and saved to a file for later data reduction.  
 The CMJ trials were then downloaded as text files and then uploaded into custom 
software written by the primary investigator (LabView 2017, National Instruments, Austin, TX, 
USA). Our data were smoothed with a fourth order zero phase shift Butterworth filter that was 
notch filtered from 59.5 – 60.5 Hz and low pass filtered at 25 Hz. Jump height was calculated by 
finding the flight time of the jump, considered the time that the force plate read less than 5 N of 
force. Once the flight time was calculated, the jump height was placed through the following 
equation: Jump height = [flight time*9.81/2]2 / 9/81. Jump power at the propulsion phase of the 
CMJ was found by taking the jump height and using the Sayer’s Equation ([60.7 * Jump height 
(cm) + [45.3*body mass(kg)] – 2055) to reduce the jump right data into jump power. Jump 
power was recorded in watts. The average LE power values across the 3 trials were calculated 
and used for analyses.  
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Body Composition Assessment 
Prior to the scanning, identification code, age, sex, ethnicity, height (in) and weight (lbs) 
were entered into the computer. The subject was instructed to lie down on the DEXA table in the 
supine position, centered on the table within the scanning area. The subject’s shoulders and hips 
were centered, with hands placed by the side of the legs in a prone position. Once positioned, a 
strap was secured around the ankles for comfort and subjects were instructed to lie still and 
breathe normally for the duration of the scan (7-13 min). Each dependent variable of bone 
mineral density (g/cm2) and total body lean mass (LM) (lbs.) were measured utilizing the scan.  
Training Load Assessment 
 On a daily basis during the season, each athlete reported their Rate of Perceived Exertion 
(RPE) on a scale of 0-10 via the Borg RPE scale, with 0 being rest and 10 being maximal. 
Within 30 minutes of the end of training or competing, each athlete was asked “How was 
training today?” and they were required to report their RPE in confidentiality in order to avoid 
the influence of one another. This was done on a hard copy data collection sheet every day. This 
number was then multiplied by the duration of activity in minutes to produce a total internal 
training load called the session RPE (sRPE). On days of rest or no activity, the internal training 
load was documented as 0. On game days, the number of minutes played was documented as the 
duration. 
 External training load data was collected via the team’s VX Sport GPS device program. 
Each individual athlete was assigned a device to wear during all training and competition, which 
was placed in a designated sport-shirt pocket between their scapulae. Raw data metrics were 
collected daily and reduced weekly by strength/conditioning and sports medicine staff. For the 
purpose of this study, weekly meters of total distance and high-speed distance were extracted. 
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 Data from these training load assessments were accumulated weekly. Then the 
cumulative training load over the course of the season was calculated across all days of training 
and competition for each subject and their sRPE, total distance, and high-speed distance. 
Statistical Analysis 
 Research question 1 was addressed through separate repeated measures ANOVA 
performed for each of the dependent variables. Time served as the within-subjects factor with 2-
levels (pre-season, post-season). Research question 2 was addressed through a series of Pearson-
product moment correlations. For research question 2, cumulative training load served as the 
independent (predictor) variable and the dependent variables were the change scores (post-
season – pre-season) calculated for LESS scores, CMJ power output, ankle and hip ROM 






 Twenty-eight female division one collegiate field hockey athletes gave consent to 
participate in this study. Table 1 shows demographic information for all subjects and presents the 
number of subjects tested for each of the variables of interest. For pre- and post-season data 
collection, 27 completed range of motion (ROM) measures, 25 completed jump landing task 
trials (LESS-17 and LESS-22), 26 completed counter-movement jump (CMJ) trials, and 23 
completed dual-energy x-ray absorptiometry (DEXA) scans. The subject numbers are based on 
exclusion due to injury. Pre-season data were collected on the day prior to the start of training 
and post-season data were collected within 48 hours of the team’s final game of the season. 
Daily internal training load data (session RPE * training duration) were collected all 28 subjects 
for the duration of the 15-week season. Daily external training load data (total distance and high-
speed distance in meters) were collected on 23 field players via global positioning (GPS) 
devices. Goal keepers were excluded from external training load monitoring due to low running 
demands.  
Table 1. Subject Demographics 
 # of Subjects Age Height Weight 
ROM 27 
19.893 ± 1.227 
years 
65.043 ± 1.487 
cm 










Range of Motion 
 Descriptive statistics for ROM values are presented in Table 2. There was a statistically-
significant difference between pre- and post-season range of motion values for right hip internal 
rotation and bilateral hip external rotation (P<.05, Table 2). Each of these 3 measures decreased 
from pre- to post-season, with decreases ranging from 7% to 14%. The associated effect sizes 
ranged from .607 to .695, indicating a moderate reduction in hip rotation ROM over the course 
of the season. There were no statistically-significant differences between pre- and post-season 
measures of ankle dorsiflexion or left hip internal rotation (P>.05, Table 2). 
Table 2. Range of Motion Data 
  Pre (Means  ± SD) Post (Means  ± SD)     
    t P d Power 
 Side       
Dorsiflexion 
Left .241 ± 6.735 degrees -1.426 ± 3.474 degrees 1.379 .180 .266 .095 
Right -.352 ± 6.823 degrees -1.574 ± 3.301 degrees .932 .360 .179 .064 
Hip IR 
Left 39.963 ± 7.978 degrees 38.807 ± 6.928 degrees 1.458 .157 .857 .552 
Right 36.500 ± 6.128 degrees 34.019 ± 5.710 degrees 2.568 .016* .642 .347 
Hip ER 
Left 33.056 ± 5.629 degrees 28.426 ± 5.365 degrees 3.610 .001* .695 .396 
Right 30.926 ± 5.345 degrees 28.426 ± 4.902 degrees 3.152 .004* .607 .316 
N = 27, * = statistically-significant 
 
Movement Quality and Power Output During Jump Tasks 
 Descriptive statistics for movement quality during a jump-landing task and power output 
during a counter-movement jump are presented in Table 3. Total LESS scores from pre- to post-
season did not significantly change for both the LESS-17 and LESS-22 (P<.05, Table 3). 
Similarly, lower extremity power output during the propulsion phase of a counter-movement 




Table 3. Movement Quality and Power Output Data 
N = 25  
Dual Energy X-ray Absorptiometry 
 Descriptive statistics for total body lean mass (LM) and bone mineral density (BMD) 
values are presented in Table 4. There were significant increases in both LM and BMD from pre- 
to post-season (P<.05, Table 4). These changes represent an average increase of ~2% for both 
LM (d=.561) and BMD (d=.725), which would be considered and moderate to large changes, 
respectively (Table 4).  
Table 4. Body Composition Data 
 Pre (Means  ± SD) Post (Means  ± SD)     
   t P d Power 
Lean Mass 98.174  ±10.269 lbs. 100.115  ± 10.393 lbs. -2.913 .007* .561 .277 
BMD 1.265 ± .094 g/cm2 1.293  ± .082 g/cm2 -2.889 .009* .725 .364 
N = 23, * = statistically-significant 
 
Associations Between Cumulative Load with Change Scores 
 Average weekly training load measures of sRPE, total distance, and high-speed running 
distance are presented in Figures 8.1, 8.2, and 8.3. Descriptive statistics for the correlation 
outcomes comparing training load values with movement quality and body composition change 
values are presented in Table 5. The only significant association between changes in ROM with 
cumulative load measures were between hip internal rotation (right side) and cumulative sRPE 
(P=.050, Figure 9.1). This finding indicates that greater cumulative sRPE was associated with 
larger increases in right hip internal rotation range of motion across the season. There were no 
other significant associations for any of the other range of motion change scores with either 
sRPE, total distance, or high-speed running distance load metrics (P>.05, Table 5).  
 Pre (Means  ± SD) Post (Means  ± SD)     
   t P d Power 
17 Point Test 6.360 ± 2.596 errors 5.360 ± 1.777 errors 1.796 .085 .359 .131 
22 Point Test 7.360 ± 2.782 errors 6.800 ± 2.198 errors 1.028 .314 .206 .069 
Power at Propulsion 2882.817 ± 533.823 watts 3005.892 ± 643.450 watts -1.115 .275 .219 .077 
33 
 
Figure 8.1 Team Average Cumulative Internal Training Load 
  
Figure 8.2 Team Average Cumulative External Training Load – Total Distance 
 
Figure 8.3 Team Average Cumulative External Training Load – High-Speed Distance 
 
 Change in movement quality (LESS-17 and LESS-22) and power output were not 
correlated with cumulative sRPE, total distance, nor high-speed running distance metrics (P>.05, 












































Time Period During the Season




















































Time Period During the Season



















































Time Period During the Season
Team Average Cumulative External TL - High-Speed Distance
34 
 
load measures across the season (P>.05, Table 5). However, significant associations were 
observed between changes in BMD with both cumulative total distance (P=.011, Figure 9.2) and 
high-speed running distance (P=.018, Figure 9.3). There was a trend for cumulative sRPE to be 
associated with the change in BMD, but this was not significant (P=.116). The associations 
between load and BMD change indicate that higher external loads were associated with negative 
changes in BMD.  
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Figure 9.1 Association Between Changes in Right Hip Internal Rotation and Cumulative sRPE 
 
Figure 9.2 Association Between Changes in Bone Mineral Density and Total Distance 
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 Our study participants were members of a Division I women’s field hockey team that 
won an NCAA Championship and finished the season with a 23-0 record. We originally 
hypothesized that these athletes would undergo negative changes in measures of their 
neuromuscular profile (movement quality, range of motion [ROM], lower extremity power 
output), and body composition from pre- to post-season due to the high training loads they 
undergo. However, our hypotheses were largely not supported and in some cases were 
contradicted by our findings. Only hip rotation ROM measures (bilateral hip external rotation 
and left hip internal rotation) were shown to undergo negative changes over the course of the 
season. In contrast, both bone mineral density (BMD) and lean mass (LM) were significantly 
improved. No changes were observed for movement quality and lower extremity power output 
during jumping, as well as ankle dorsiflexion ROM. 
 We further hypothesized that changes in the athlete’s neuromuscular profile and body 
composition would be associated with the athletes’ training loads over the season. There was a 
weak association between changes in right hip internal rotation ROM and cumulative training 
load measured via sRPE. There was also a negative association between changes in BMD and 
external training load values (TD and HSD). Otherwise, there were no significant associations 
between cumulative training load and the remaining neuromuscular profile characteristics. 
Overall, our findings indicate that elite female athletes’ neuromuscular profile and body 
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composition can be large maintained or improved over the course of a season when training 
loads are monitored and managed.  
Only hip rotation ROM measures demonstrated negative adaptations over the course of 
the season. More specifically, bilateral hip external rotation and right hip internal rotation ROM 
values became significantly more restricted from pre- to post-season by 7%-14% on average. In 
addition, these were the only ROM values to undergo a significant change over the season, as 
bilateral ankle dorsiflexion and left hip internal rotation ROM values were maintained. The 
significant changes in hip rotation were associated with effect sizes ranging from -.695 to .607, 
which indicates that these were moderate and potentially meaningful changes. This is important 
to note due to our understanding of the association between decreased hip rotation ROM and 
lower extremity injuries such as ACL rupture32 or patellofemoral joint problems14. In particular, 
hip rotation ROM has shown to be significantly decreased in ACL injured subjects, and those 
with a sum of internal and external hip rotation <80˚ had an increased odds ratio of having an 
ACL injury (OR=2.64, CI=95%, 1.4 to 1.7)32. Given the negative changes that we observed in 
hip rotation, this indicates the need to focus on this measure over the course of the season – i.e. 
complete serial screening sessions, and perhaps the need to examine how to mitigate these 
negative changes, such as implementing hip rotation mobility exercises during the team’s 
warmup or cool down routine. 
We did not observe changes in ankle dorsiflexion ROM or jump-landing movement 
quality from pre- to post-season. The lack of change in these variables may be evidence of a 
floor effect, as the team overall had limited ankle dorsiflexion ROM and poor jump-landing 
movement quality from the start of the season. On average, the team’s pre-season screening 
ankle dorsiflexion ROM values were 0.2˚ and -.3˚ for the left and right sides, respectively. 
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According to literature, normal ankle dorsiflexion ROM is established at 15-20˚ (cite). Similarly, 
we observed that the team averages for jump-landing movement quality during pre-season 
screening were 6.3 errors for the 17-point Landing Error Scoring System (LESS) and 7.3 for the 
22-point LESS. It is important to mention how research shows that subjects with LESS scores of 
5 or more are at an elevated risk of sustaining lower extremity injuries (such as an ACL tear) 
than those with scores less than 513. Because this team already had poor ankle dorsiflexion ROM 
and poor jump-landing movement quality, this may indicate that there was a floor effect present, 
and there was not much room to get worse. Thus, while ankle mobility and movement quality did 
not worsen over the season, these appear to be neuromuscular characteristics that could be 
improved over the course of the season with an appropriate intervention.  
This team also showed that lower extremity power output during a counter-movement 
jump (CMJ) was unchanged from pre- to post-season. We hypothesized that lower extremity 
power would be reduced at post-season due to the cumulative effects of training load over the 
competitive season, which would lead to fatigue. Surprisingly, there was a trend for power 
output to increase (4%) at post-season, although this was not statistically-significant. This 
improvement was particularly unexpected given that post-season testing was performed within 
less than 48 hours after competing in the national championship game, which was followed by 
approximately 9 hours of travel (flight and bus) back to the university and a team-wide 
celebration the evening prior to testing. It is possible that this fatigue and inadequate recovery 
may have suppressed the lower extremity power values at post-season testing. Regardless, there 
was no evidence of reduced power output. 
We believe that our findings of improved lean mass (LM) and bone mineral density 
(BMD) may be better understood when examining the team’s training load metrics over the 
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course of the season. Our original hypothesis was based on the concept of athlete’s having a 
negative response when training loads are excessive and poorly managed. We utilized internal 
(sRPE) and external (GPS based total distance and high-speed distance) measures of cumulative 
training load to represent the individuals’ overall demands over the 15-week field hockey season. 
To further explore the effects of training load, we also quantified the acute-to-chronic workload 
ratio (ACWR), the ratio of the acute (1-week) training period relative to the average over a 
chronic (4-week) time period. Weekly averages comparing the team’s cumulative and ACWR 
training load measures are displayed in Figures 10.1, 10.2, and 10.3. 
Figure 10.1 Comparison of Total Distance with ACWR Over 15-Week Season 
Figure 10.2 Comparison of High-Speed Distance with ACWR Over 15-Week Season 
 












































































































Monitoring and management of an athlete’s training loads is believed to be important, as 
injury risk is greater during the current and subsequent weeks of experiencing an ACWR ≥2.148. 
In addition, having a high chronic workload (considered >16,095m) combined with a very high 
2-week average ACWR (≥1.54) is associated with the greatest risk of injury48. Overall, there was 
no evidence of excessive training loads as the team’s weekly ACWR was never in excess of 1.5 
from week 4 to the end of the season. This was true for sRPE, total distance, and high-speed 
distance training load measures. There were a few instances when ACWR approached the 1.5 
level. For example, in week 7 (Figure 5.3), the team’s average ACWR was 1.45 – this 
corresponded to a point mid-season where three games were played (a normal week has two). At 
the end of the season, the ACWR team average for high-speed distance reached 1.34 – likely due 
to the athletes competing against other elite teams during the NCAA women’s field hockey final 
four playoffs.  
The ACWR profile of both internal and external training load measures demonstrates that 
the team’s training loads were well-managed over the duration of the season. Sports medicine 
staff, coaches, and strength/conditioning staff all collaborated to monitor and manage the 
workload demands placed on these athletes. Training load data were recorded and evaluated 




























































that the team’s weekly training loads were managed well and this may provide insight as to why 
the majority of variables in this study did not demonstrate negative changes as originally 
hypothesized.  
The significant increases in LM and BMD were associated with moderate (d=0.56) to 
large (d=0.72) effect sizes, respectively. These changes correspond to a 2% increase in both LM 
and BMD. We believe these improvements are relevant because they may allow for improved 
tissue capacity, thus the body may be able to withstand higher loads instead of sustaining an 
injury18,19,24,26,49. Essentially, these improvements in LM and BMD may allow for the athlete to 
be more resilient to repetitive loading. This may be a reflection of what happens in elite athletes 
when their training loads are monitored and managed over the course of a competitive season.  
Limitations and Future Research 
 Our findings are limited to female field hockey athletes as we only studied this 
population. However, we feel these findings are important as there is limited research 
investigating the neuromuscular and physiological response of female athletes over the course of 
a season. Future research involving female athletes with larger samples sizes and different sports 
is warranted.  
Continuing, because this subject population was so specific, their body composition 
characteristics were relatively similar. Future studies should involve subjects of various ages, 
sport specialties, or other physical demands in order to determine how their LM and BMD 
respond. Perhaps the statistically significant changes would provide a broader insight if our 
subject populations had a greater variety of variables. This may prove or disprove the 
meaningfulness of our results on female collegiate field hockey athletes. 
 In addition, we only investigated select neuromuscular measures. It is possible that other 
neuromuscular measures such as strength, rate of force development, joint kinetics, or postural 
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stability may respond differently. These are variables that should be investigated in future 
research.   
 Lastly, future research involving more diversity in training load management patterns is 
needed to better understand how training load impacts one’s neuromuscular and body 
composition response. This portion of our data collection was specific, but there are alternative 
training load monitoring and management methods that should be further researched as they may 
provide different outcomes. 
Conclusion 
In conclusion, ankle dorsiflexion ROM, movement quality, and LE power were 
maintained over the course of a season during which training loads were properly managed. In 
addition, body composition measures of LM and BMD significantly increased, which may aid in 
tissue capacity and increased resilience. In spite of proper training load management, hip rotation 
ROM became significantly more restricted during the season. Given the association between hip 
rotation mobility and knee injury risk, in-season training should include exercises to maintain 
and improve hip rotation mobility in addition to training load management strategies. We believe 
our findings suggest active monitoring and management of training load in team sports can help 
minimize negative adaptations and facilitate significant and meaningful body composition 
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